Background. Merkel cell polyomavirus (MCPyV) is a ubiquitous cutaneous virus that causes Merkel cell carcinoma, which develops preferentially in white populations from Europe and North America. However, the genomic variations of MCPyV among ethnic groups have not been well delineated, and even less is known regarding alterations in the noncoding control region (NCCR) in the general population.
Merkel cell polyomavirus (MCPyV) is a ubiquitous doublestranded DNA virus of the Polyomaviridae family found in human populations. This virus infects children asymptomatically and persists in the skin [1] [2] [3] [4] [5] , where it can cause cutaneous Merkel cell carcinoma (MCC) [6] . The signature feature of MCPyV-positive MCC is the presence of mutations in the gene coding the large T antigen (LT), which leads to the loss of domains associated with viral replication [7] [8] [9] [10] [11] . This reflects a selective pressure among MCC tumors to eliminate the capacity for viral replication and retain replication-deficient copies of MCPyV [12] . MCC occurs preferentially in the sun-exposed skin of elderly adults [13, 14] . The incidence of this malignancy varies globally and is higher in white persons (defined here as people of European descent) than in Asian populations [13, 14] . Phylogenetic analyses based on sequences of the MCPyV LT gene, the genes encoding small T-antigen (ST), and viral protein 1 (VP1) have suggested the existence of geographically related MCPyV genotypes [1, [15] [16] [17] [18] . However, limited data are available about the genetic variability of MCPyV in different geographic regions, and any relationship between ethnologically related MCPyV variants and a predisposition to the development of MCC also remains unknown.
MCPyV shares the genomic structure of typical polyomaviruses, such as JC polyomavirus (JCPyV) and BK polyomavirus (BKPyV), with a circular genome that harbors early (LT and ST) and late (VP1 and VP2) gene cassettes separated by a noncoding control region (NCCR) that contains bidirectional promoter elements for both genes [19] . JCPyV and BKPyV are classified into archetypical viruses and rearranged variants based on the structure of the NCCR [20, 21] . The rearranged variants are heterogeneous, with deletions and tandem duplications or triplications within the NCCR [20] . Evaluation of the NCCR is important because of the association of the rearranged variants with specific human diseases, such as progressive multifocal leukoencephalopathy for JCPyV and nephropathy for BKPyV [20] [21] [22] [23] . Thus, changes in the NCCR in human polyomaviruses might have pathogenic consequences; however, little is known regarding NCCR alterations in the MCPyV strains that circulate in the skin of the general population, especially in Asian groups.
Given this background, here we investigated for the first time the variability of the MCPyV NCCR among multiple strains recovered from normal skin swab specimens in a large cohort including Asians and other ethnic groups. We found a characteristic tandem repeat within the NCCR, which was detected predominantly in the MCPyV strains isolated from the skin of Japanese individuals. In addition, we performed comparative analyses of the MCPyV NCCR between strains from MCPyVassociated cutaneous MCC tumors that developed in Japanese patients and in white patients from Europe and North America.
METHODS

Study Participants and Specimen Collection
This study cohort comprised 250 healthy individuals who were positive for MCPyV in the skin, including 138 Japanese individuals (ie, persons of Japanese descent residing in Japan) and 112 non-Japanese individuals living or staying temporarily in Japan. These included 2 volunteers originating from China, 56 from Southeast Asia, 10 from South Asia, 12 from Europe, 19 from North America, 2 from South America, 5 from Oceania, and 6 from sub-Saharan Africa (see Supplementary Table 1 for details). They had no history of cancer or receipt of immunosuppressant agents, and they did not receive any special skin care at the time of sampling. The age range of participants was 2-98 years; 113 were male, and 137 were female. Skin swab specimens were collected from an area of about 50 cm 2 of normalappearing, sun-unexposed upper arm skin and/or sun-exposed forehead skin by rubbing back and forth 5-10 times with sterile cotton swabs. All swabs were placed in a separate vial containing sterile phosphate-buffered saline, and DNA was extracted within 2 hours of sample collection. This study also included 46 Japanese patients with MCPyV-positive cutaneous MCC (age range, 62-100 years).
This study was approved by the Ethics Committee of Kochi Medical School, Kochi University. Written informed consent was obtained from all participants. When children aged <18 years or elderly persons with impaired decision-making capacity were enrolled, their parents or families provided written informed consent on their behalf.
Viral DNA Sequencing
DNA was extracted from the collected skin swab specimens and fresh or formalin-fixed, paraffin wax-embedded cutaneous MCC tumors, as reported previously [1, 17] . The DNA was subjected to polymerase chain reaction (PCR) analysis to amplify the MCPyV sequences at nucleotide positions 4832-5334, inclusive of putative promoter and enhancer elements of the NCCR, using a primer set named ORIF1/ORIR1, as listed in Supplementary Table 2 . Numbering of nucleotides in the analysis of the NCCR was based on the sequence of MCC350, a strain of North American origin (GenBank accession number EU375803) [6] . PCR reactions were conducted using an AmpliTaq Gold 360 Master Mix (Thermo Fisher Scientific, Waltham, MA) and 0.4 μM of each primer in a total reaction volume of 50 μL. The PCR conditions included denaturation at 95°C for 10 minutes; amplification with 50 cycles of 95°C for 15 seconds, 50°C-60°C (depending on primer set) for 30 seconds, and 72°C for 40 seconds; and final extension at 72°C for 5 minutes. The PCR products were purified and sequenced directly, as previously described [24] . The nucleotide sequences obtained were aligned and evaluated using ApE (available at: http://biologylabs.utah.edu/jorgensen/wayned/ape/). The representative MCPyV NCCR sequences of 5 genotypes analyzed in this study were deposited in the GenBank database under accession numbers LC348865-LC348869.
Quantification of the Viral Genome
Quantification of MCPyV was conducted using TaqMan-based quantitative real-time PCR analysis, as previously described [24] . Primers and probes were prepared to amplify the MCPyV ST gene [25] . Results are expressed as MCPyV DNA copies per nanogram of DNA [8, 26] .
Phylogenetic Analysis
Phylogenetic analyses were conducted on the basis of MCPyV LT (nucleotide positions 2148-2547) and VP1 (3380-3969) sequences. The LT and VP1 sequences were obtained by PCR amplification using a primer set and a combination of the 2 primer sets, respectively, and subsequent sequencing of the PCR products. The primer sequences are listed in Supplementary  Table 2 . Phylogenetic trees were constructed using the maximum-likelihood method in MEGA 5.2 [27] .
Statistical Analyses
The statistical significance of differences in the prevalence of MCPyV genetic variants was analyzed using the Fisher exact test. Differences in viral loads were compared using the MannWhitney nonparametric U test. All statistical analyses were performed using R, version 3.2.0, with its graphical user interface EZR [28] . A P value of < .05 was considered statistically significant.
RESULTS
Genotype Analysis of Skin Swab Specimens From Healthy Individuals
We analyzed multiple NCCRs of the MCPyV strains recovered from upper arm or forehead skin swab specimens from 250 healthy subjects and compared them among populations from different racial backgrounds and geographic locations. As a result, several alterations were found within the 59-base pair (bp) NCCR sequence, ranging in nucleotide positions from 5153 to 5211, compared with the reference sequence of the prototype North American strain, MCC350 [6] . In this region, we detected the insertion of a 25-bp sequence (TGTCCTCCTCCCTTTGTAAGAGAAA) into nucleotide positions 5177-5178 in 149 of 250 individuals (59.6%). Based on the incidence of this insertion, we divided the MCPyV strains into 2 major subtypes, which we provisionally designated subtype I and subtype II. Subtype I harbored this insertion, which consequently generated a 25-bp tandem duplication within the NCCR ( Figure 1A Table 1) . Overall, the prevalence of subtype II in skin specimens from subjects originating from regions other than East Asia was 83.6% (92 of 110). Thus, the prevalence of MCPyV carrying the 25-bp tandem repeat was significantly higher in Japanese and East Asian individuals than in those from other regions (P < .001). These results were reproducible with independent analyses using a different PCR primer set, ORIF2/ORIR2, as listed in Supplementary Table 2 .
We found additional genetic heterogeneity, with 2 insertions and a deletion of several nucleotides at positions 5195-5211. All subtype I viral strains had 2-bp and 5-bp insertions between nucleotide positions 5199-5200 and 5210-5211, respectively. Based on these genomic variations, subtype II was subdivided into 4 subgroups, tentatively designated IIa-1, IIa-2, IIb, and IIc. Subgroup IIa-1 had a sequence identical to the reference MCC350 strain, subgroup IIa-2 had the 5-bp insertion, subgroup IIb had the 5-bp insertion and 7-bp deletion between nucleotide positions 5195-5203, and subgroup IIc had both of the 2-bp and 5-bp insertions ( Figure 1A ). The prevalence of the subgroups by ethnicity and geographic region is summarized in Table 1 . Subgroups IIa-1 and IIa-2 appeared to be widespread among people from across the world, but they were rarely observed in people from Japan and East Asia. Subgroup IIb was all detected in people originating from Southeast Asia, including Indonesians and Malaysians (Supplementary Table 1 ). Subgroup IIc appeared to be distributed worldwide. These results indicate that different MCPyV NCCRs are prevalent among populations with various ethnic backgrounds. Overall, the sizes of the NCCR fragments varied with strains among populations stratified by ethnicity and geographic region ( Figure 1B ). Our findings suggest that geographically related MCPyV genotypes can be identified by assessing the short NCCR fragment. Accordingly, we evaluated results of the NCCR assays by subjecting other MCPyV gene sequences to conventional phylogenetic analyses. Because the LT and VP1 sequences have been used widely for determining MCPyV genotypes [1, [15] [16] [17] [18] , we constructed phylogenetic trees based on sequences successfully amplified from our specimens, along with GenBank-retrieved reference sequences available in November 2017, whose countries of origin had been disclosed. Both the LT and VP1 phylogenetic analyses formed 2 main clades ( Figure 2 ). As expected, most subtype I strains belonged to a clade including sequences from Japan and China (clade I), while most IIa-1 and IIa-2 strains were grouped in another clade comprising sequences from other regions (subclade II). The IIb strain seemed to form a paraphyletic group containing sequences from Southeast Asia and Oceania (clade IIb). Some of the IIc strains belonged to clade I. Overall, results of MCPyV NCCR genotyping were concordant with the results of phylogenetic analyses based on the LT and VP1 sequences.
Given the presence of the characteristic tandem repeat within the MCPyV NCCR predominantly found in skin specimens we collected from Japanese subjects, we evaluated the prevalence of subtype I by age group ( Table 2) . Comparisons of consecutive age groups showed no significant difference in subtype I prevalence at any given age.
We next investigated whether the same NCCR genotypes were prevalent at different skin sites within individuals. Forty-two individuals had MCPyV recovered from both sununexposed upper arm skin and sun-exposed forehead skin specimens that could be assessed by NCCR genotyping. These included 15 individuals originating from Japan, 15 from Asian regions other than East Asia, 8 white subjects from Europe and North America, 2 individuals from Oceania, and 2 individuals from sub-Saharan Africa. We found that all subjects enrolled in this study had the same genotype at both skin sites. Thus, we observed a concordance of NCCR genotypes between skin regions both exposed and unexposed to the sun within individuals.
We also explored the difference in viral loads between NCCR subtypes I and II, because several studies have shown that genetic alterations in the NCCR of JCPyV and BKPyV can affect viral propagation [29] [30] [31] [32] [33] . We found that the viral load of subtype I was significantly higher than that of subtype II in both arm (P < .001) and forehead (P < .001) skin swab specimens (Table 3) . These results were reproduced in an age-matched comparison of viral loads between the 2 groups. Viral loads in the arm and forehead skin specimens of each of the 4 subgroups (ie, IIa-1, IIa-2, IIb, and IIc) are shown in Supplementary  Table 3 .
MCPyV NCCR Analysis of Tumor Tissues From Patients With MCC
MCPyV NCCR genotypes were also assessed in strains isolated from cutaneous MCC tumors. These included 46 NCCR sequences obtained from Japanese patients with MCPyVpositive MCC and 15 NCCR sequences from white European and North American patients with MCPyV-positive MCC that were accessed from GenBank in November 2017. The prevalence rates of each NCCR genotype in Japanese patients were 85% (39 of 46) for subtype I, 4% (2 of 46) for IIa-1, and 11% (5 of 46) for IIc (Table 4 ). All NCCR sequences from the European and North American patients were subtype II, with detection rates of 87% (13 of 15) for subgroups IIa-1 and 13% (2 of 15) for subgroup IIa-2. Thus, subtype I was only detected in our Japanese patients, in clear contrast to European and North American patients, in whom only subtype IIa was detected. It should be noted that the incidence of subgroup IIc in tumor tissues of Japanese patients with MCC was significantly higher than that in the healthy skin of asymptomatic healthy individuals (2 of 138 [1.5%]; P = .011). Subgroup IIb was not detected in either case.
MCPyV NCCR genotypes were also analyzed for 8 Japanese patients with paired specimens obtained from MCC tumors and nonlesional normal skin. Concordance of NCCR genotypes was found in both pairs of specimens of all cases tested (Table 5 ). There were no significant differences in viral loads between subtypes I and IIc in both normal skin and tumor specimens for these patients.
DISCUSSION
Because genetic alterations of the NCCR have been considered risk factors for JCPyV-and BKPyV-associated diseases [20, 21] , assessment of this region is of significance in advancing understanding of the biology of polyomaviruses. Our study had several strengths. One was the availability of a large number of samples from participants of diverse ethnic and geographic origins. Thus, we have demonstrated for the first time the existence of MCPyV NCCR genotypes that vary with ethnicity. To date, most of the available sequences were obtained from white individuals residing in Europe or of European ancestry [5, 15, 16] . The lack of data from other regions might have limited the worldwide investigation of MCPyV NCCR, especially in Asian populations. Here we identified 2 major subtypes of MCPyV NCCR, subtypes I and II, with the presence or absence of a 25-bp tandem repeat, respectively. Based on the occurrences of 2 additional insertions and a deletion in the adjacent region, MCPyV strains were assigned further to 5 genotypes. Variability was confined to a short NCCR fragment of approximately 60 bp. As for JCPyV and BKPyV, the early proximal side of the NCCR is highly conserved and almost never undergoes rearrangement, whereas the late proximal side of the NCCR undergoes rearrangements including insertions and deletions [20] . Likewise, we found here that insertions and deletions were found in the late proximal side of the MCPyV NCCR. One strength of this study is its findings that subtype I with the 25-bp tandem repeat was unique to Japanese and East Asian individuals, whereas subtype II appeared to be widespread among individuals from around the world. Such characteristic tandem repeats have also been found in strains of JCPyV and BKPyV. The NCCRs of prototype JCPyV and BKPyV include the 98-bp and 68-bp tandem repeats, respectively [20, [34] [35] [36] . However, we appear to have been the first to observe ethnic differences in the MCPyV NCCR sequence. Additional worldwide surveys of MCPyV NCCR strengthen further our original NCCR genotype classification. Moreover, our study provides the first data on age-specific analysis of MCPyV NCCR in normal skin specimens from a Japanese population, indicating the prevalence of subtype I in all age groups.
We also present here the first data on the prevalence of MCPyV NCCR genotypes at different skin sites within individuals, showing the same genotype to be present in sun-unexposed upper arm skin and sun-exposed forehead skin among asymptomatic individuals. These findings suggest that the NCCR sequence is conserved, irrespective of the skin site sampled. However, the limitations of the study include the relatively few subjects from whom paired specimens of skin swabs were available and the sequencing depth used for sequence determination. A more sensitive sequencing analysis in a larger cohort might improve the ability to distinguish mixed infection with different NCCR genotypes or quasi-species.
Given the findings noted above, this study is the first to compare MCPyV NCCRs originating from Japanese patients with MCC to those from white patients with MCC. There was a sharp contrast in the prevalence rates of NCCR genotypes between these 2 populations, with a predilection for genotype I in Japanese patients and for genotype II in European and North American patients. Our study also demonstrated that patients with MCC had the same NCCR genotype in tumor tissue and normal skin specimens. Because it is thought that the presence of MCPyV at the site of tumor occurrence is essential for the development of MCC, our findings suggest that the NCCR sequence is invariable during tumorigenesis.
We have also shown that levels of MCPyV subtype II, which lacks a 25-bp duplication in the NCCR, were significantly lower than those of subtype I, which has the duplication. Recently, Müller et al [37] have shown that a 17-bp deletion in the NCCR of BKPyV increased early viral gene expression but impaired progression into the late viral cycle and led to reduced viral replication. They suggested that this might be linked to oncogenic transformation in BKPyV-associated urothelial cancer [37] . Likewise, a 98-bp deletion in the NCCR of JCPyV was found exclusively in colon cancer tissues [38] . If similar models apply to MCPyV, we hypothesize that the 25-bp deletion in the NCCR might predispose MCPyV to drive an oncogenic process, by limiting viral replication and subsequent cytolytic cell death. The 25-bp sequence contains putative binding sites for several transcription factors, including heat shock transcription factors 1/2, cyclic adenosine monophosphate response element-binding protein, glucocorticoid, p53, activator protein 1, and sex-determining region Y protein (determined using TFBIND; available at: http://tfbind.hgc.jp/), some of which are also found in the NCCRs of other polyomaviruses [33, 39, 40] . The binding capacities of any of these factors might be limited in subtype II MCPyV, although whether they actually bind to the 25-bp sequence remains unclear. The 25-bp sequence also contains a GGGXGGRR sequence motif, which is thought to play an important role in efficient DNA replication of JCPyV and BKPyV [34, 41] . In fact, multiple copies of a sequence repeat containing this 8-bp motif in simian virus 40 DNA promote transcription more efficiently than does 1 copy [42] . MCPyV subtype I with 2 copies of the GGGXGGAG sequence might promote viral replication more efficiently than subtype II viruses with 1 copy of the sequence. The possible role of this motif in MCPyV replication also remains to be established. Finally, our results indicate certain unique aspects of MCPyV NCCR genotyping in terms of the geographical origins of individuals. The detection rate of the 25-bp duplication was 93.6% (131 of 140) among Japanese and East Asian subjects versus 16.4% (18 of 110) among individuals from other regions. Therefore, the presence of such a characteristic sequence could be a hallmark for identifying Japanese people. The validity of the classification was confirmed by conventional phylogenetic analyses based on the MCPyV LT and VP1 sequences. So far, trials for the identification of human origins have been conducted using viral genotypes of JCPyV and BKPyV. These viruses are also ubiquitous in human populations, persisting in renal tissues [43] [44] [45] . The same viral strain is maintained throughout an individual's life, irrespective of geographic a Clinical characteristics of patients with MCC (MCC1-6) were described previously [8] .
relocation [46] [47] [48] . This evidence is of significance for forensic studies, making it possible to estimate the geographic origins of unidentified cadavers by detecting the viral sequences from renal tissue specimens and subjecting them to phylogenetic analysis [49, 50] . The 610-bp IG region of the JCPyV genome and the 287-bp VP1 region of the BKPyV genome are typically used for the identification of their viral genotypes [49, 50] . In this context, our novel genetic techniques provide a quicker and easier method for human geographic identification, without a need for lengthy phylogenetic analysis. Although its accuracy is not perfect, our method might help narrow down the place of origin of unidentified persons or cadavers-especially as to whether they are from Japan-from skin specimens, including skin scrapings and hairs with bulbs left at accidents or crime scenes. In summary, we have shown in this large study that the MCPyV NCCR varies by ethnicity. The 25-bp duplication described here proved unique to Japanese persons, whereas other NCCR genotypes were prevalent worldwide. This might be because most of the Japanese subjects examined in the present study belonged to a homogeneous indigenous population, whereas many other regions contain high proportions of immigrants. Our results suggest that assessing the short NCCR sequence will provide a rapid and simple means for the identification of geographically related MCPyV variant genotypes. This is particularly relevant for the identification of Japanese genotypes. Our findings are also expected to stimulate worldwide studies regarding the influence of NCCR alterations on gene expression levels and the viral replication of MCPyV and on possible virulence properties in various skin diseases.
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